Although phosphatidylinositol 3-kinase (PI3K) is essential for several cellular signal transductions, its role in the regulation of cystic fibrosis transmembrane conductance regulator (CFTR) activity in intestinal epithelial cells is poorly understood. Therefore, the possible involvement of PI3K in the regulation of cAMP-and cGMP-induced duodenal epithelial CFTR activation was investigated in the present study. Forskolin and 8-bromoguanosine 3Ј,5Ј-cyclic monophosphate (8-Br-cGMP) markedly stimulated duodenal mucosal HCO 3 Ϫ secretion and short-circuit current (Isc) in CFTR wild-type mice, which was significantly inhibited by CFTRinh-172, a highly potent and specific CFTR inhibitor. Forskolin and 8-Br-cGMP failed to stimulate duodenal HCO 3 Ϫ secretion and Isc in CFTR knockout mice. Moreover, forskolin-and 8-Br-cGMP-stimulated duodenal HCO 3 Ϫ secretion and Isc were significantly reduced by wortmannin and LY294002, two selective PI3K inhibitors that are structurally and mechanistically different. Forskolin and 8-Br-cGMP induced CFTR phosphorylation and shifted CFTR proteins to the plasma membrane of duodenal epithelial cells, which were inhibited by wortmannin and LY294002. Forskolin and 8-Br-cGMP not only increased the activity of PI3K but also induced the phosphorylation of Akt, a signaling molecule downstream of PI3K, which were again inhibited by wortmannin and LY294002. Together, our results obtained from functional, biochemical, and morphological studies demonstrate that PI3K pathway plays an important role in the regulation of cAMP-and cGMP-induced duodenal epithelial CFTR channel activity and intracellular trafficking.
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CYSTIC FIBROSIS TRANSMEMBRANE CONDUCTANCE REGULATOR (CFTR) is a phosphorylation-dependent Cl
Ϫ channel abundantly expressed in several functionally diverse tissues, such as the pancreas, intestine, kidney, heart, vas deferens, sweat duct, and lung (10, 40) . In addition to its role as a secretory Cl Ϫ channel, CFTR also regulates several transport proteins, including the outwardly rectifying Cl Ϫ channels, epithelial Na ϩ channels, K ϩ channels, anion exchangers, Na ϩ -HCO 3 Ϫ cotransporters, and aquaporin water channels (21, 22) . Thus CFTR might be central in determining transepithelial salt transport, fluid flow, and intracellular ion concentrations. In intestinal epithelial cells, it mediates the regulation of fluid, Cl Ϫ , and HCO 3 Ϫ transport (5) . Mutations in the gene encoding CFTR result in the disease cystic fibrosis (CF) and are associated with the absence or dysfunction of CFTR on epithelial cells, decreased fluid secretion, increased mucus viscosity, and intestinal obstruction (20) . On the other hand, the activation of CFTR is implicated in the pathogenesis of secretory diarrhea induced by Vibrio cholera and Clostridium difficile (42) . Therefore, it is very important to understand the cellular and molecular mechanisms of CFTR regulation in intestinal epithelial cells.
The regulation of CFTR has been extensively studied. Several cellular signaling proteins have been found to regulate CFTR activity, including protein kinase A (PKA), protein kinase C (PKC), cGMP-dependent protein kinases, Ca 2ϩ /calmodulin-dependent protein kinases, and protein phosphatase (6, 14, 36) . Phosphatidylinositol 3-kinase (PI3K) is a lipid kinase responsible for the phosphorylation of the 3-position of the inositol ring of phosphatidylinositol 4,5-bisphosphate [PI (4, 5) P2] to generate phosphatidylinositol 3,4,5-trisphosphate [PI (3, 4, 5) P3]. It has been shown that PI3K mediates several signal transduction pathways and plays important roles in the control of metabolism, cell growth, proliferation, survival and migration, and epithelial ion transport (11, 33) . PI3K is involved in CFTR activation induced by ␤ 3 -adrenergic receptor agonist, CGP-12177, in a human lung epithelialderived cell line, A549 (37) . Our recent study also showed that PI3K is involved in prostaglandin E 2 -mediated murine duodenal HCO 3 Ϫ secretion (45) . These studies suggest that PI3K might be important in the regulation of CFTR activity. Therefore, in the present study, using murine duodenal mucosal epithelia obtained from CFTR wild-type and knockout mice, we attempted to determine whether PI3K is involved in the regulation of cAMP-and cGMP-induced CFTR activation in duodenal epithelial cells. By performing functional, biochemical, and morphological approaches, we have provided convincing evidences, suggesting that PI3K pathway plays an important role in the regulation of cAMP-and cGMP-induced duodenal epithelial CFTR channel activity and intracellular trafficking. ) or CFTR Ϫ/Ϫ mice. Genotyping of CFTR mutant mouse progeny was analyzed by PCR according to a protocol from Jackson Laboratories (http://jaxmice.jax.org/pubcgi/protocols/ protocols.sh?objtypeϭprotocol&protocol_idϭ423). All mice were 6 -12 wk of age. The mice were housed in a standard animal care room with a 12:12-h light-dark cycle and were allowed free access to food and water. The mice were given electrolyte solution containing polyethylene glycol 4000 (PEG; institutional pharmacy) and fiber-free chow (diet C1013; Altromin) to prevent intestinal impaction. Before each experiment, the mice were deprived of food and water for at least 1 h. After brief narcosis with 100% CO 2, the mice were killed by cervical dislocation. The abdomen was opened by midline incision, and the proximal duodenum (a portion stretching from ϳ2 mm distal to the pylorus to the common bile duct ampulla) was removed and immediately placed in ice-cold isosmolar mannitol and indomethacin (1 M) solution (to suppress trauma-induced prostaglandin release). The duodenum was opened along the mesenteric border and stripped of external serosal and muscle layers by sharp dissection in the above-mentioned ice-cold isosmolar mannitol and indomethacin solution.
MATERIALS AND METHODS

Materials
Ussing chamber experiments. Ussing chamber experiments were performed as previously described (43, 44) . Briefly, the duodenal mucosae were mounted between two chambers with an exposed area of 0.196 cm 2 and placed in an Ussing chamber. Parafilm O-ring was used to minimize edge damage to the tissue where it was secured between the chamber halves. The mucosal side was bathed with unbuffered HCO 3 Ϫ -free modified Ringer solution circulated by a gas lift with 100% O2. The serosal side was bathed with modified buffered Ringer solution (pH 7.4) containing 25 mM HCO 3 Ϫ and gassed with 95% O2-5% CO2. Each bath contained 10.0 ml of the respective solution maintained at 37°C by a heated water jacket. Experiments were performed under continuous short-circuit conditions to maintain the electrical potential difference at zero, except for a brief period (Ͻ2 s) at each time point when the open-circuit potential difference was measured. Luminal pH was maintained at 7.40 by the continuous infusion of 0.5 mM HCl under the automatic control of a pH-stat system (PHM290, pH-Stat controller; Radiometer Copenhagen). The volume of HCl infused per unit time, which reflects the net release of alkaline equivalents into the mucosal solution, which has been assumed as an indicator of HCO 3 Ϫ secretion, was used to quantitate HCO 3 Ϫ secretion. These measurements were recorded at 5-min intervals. M) was used, it was added at 30 min before the agents listed above. At the end of the incubation period, the medium was removed and the tissue was lysed with 400 l of 1% SDS containing 100 g/ml leupeptin and 100 M phenylmethylsulfonyl fluoride. The lysate was diluted twofold with a solution of 50 mM Tris ⅐ HCl, pH 7.5, 400 mM NaCl, 10 mM EDTA, 200 mM NaF, 40 mM sodium pyrophosphate, and 5% Nonidet P-40 and was homogenized by homogenizer. CFTR was immunoprecipitated from the supernatant with CFTR polyclonal antibody (CFTR H-182; Santa Cruz Biotechnology) as described by Picciotto et al. (34) with some modification. Briefly, the samples were incubated with 20 l of protein A/G-agarose for 30 min at 4°C, centrifuged at 1,000 g for 1 min at 4°C, and the supernatants were incubated with 10 l of anti-CFTR polyclonal antibody for 1 h at 4°C. The samples were then incubated with 20 l of protein A/G-agarose for 2 h at 4°C with frequent vortexing. The samples were centrifuged at 1,000 g for 1 min at 4°C and washed with RIPA buffer (1ϫ PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS). The washed beads were resuspended in 40 l of electrophoresis sample buffer and vortexed several times over a period of 30 -60 min at room temperature. The samples were centrifuged, and the supernatants were analyzed by 6% SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
32 P-phosphorylated CFTR was visualized by autoradiography and quantified by scintillation counting of excised bands.
Immunohistochemistry and confocal microscopy. The mice were prepared as described above. Segments of proximal duodenum (ϳ5 mm) opened along the mesenteric border were placed in modified buffered Ringer solution at 37°C gassed with 95% O 2-5% CO2 for incubation. After stabilization for 20 min, forskolin (10 Ϫ5 M), 8-BrcGMP (2 ϫ 10 Ϫ4 M), or control vehicle was added to the bathing solution for 5 min of incubation. When wortmannin (10 Ϫ7 M) or LY294002 (2 ϫ 10 Ϫ5 M) was used, it was added at 30 min before the agents above. At the end of incubation period, the medium was removed and tissues were immediately frozen in liquid nitrogen cooled OCT embedding medium, and the frozen tissue blocks were stored at Ϫ70°C for up to 1 wk before sectioning. The tissue blocks were cut into 5-m-thick cryostat sections. Tissues were oriented to maximize the number of longitudinal sections of duodenal villi. Immunofluorescence labeling was performed as described by Ameen et al. (1) with some modification. Sections were immersed in PBS for 10 min to wash off OCT, followed by PBS-1%BSA for 1 h to block nonspecific binding. Sections were incubated in a moist chamber overnight with primary anti-CFTR antibody (CFTR H-182, 1:50 dilution in 1% PBS-BSA) at 4°C, washed three times for 15 min each in PBS, and incubated with FITC-conjugated secondary antibody (affinity purified donkey anti-rabbit IgG, 1:400 dilution in 1% PBS-BSA), for 1 h at room temperature to detect CFTR staining. Sections were then washed in PBS and mounted with an antifade medium. Labeled sections were stored overnight at 4°C. Confocal microscopy and images analysis of CFTR fluorescence intensities were performed as described by Ameen et al. (2, 3) using a confocal microscope (TCS SP2 AOBS; Leica, Wetzlar, Germany) equipped with image analysis software. The plasma membrane domain of CFTR in immunolabeled sections was determined from images of perpendicular parallel sections labeled to detect CFTR and measured 1.5 m in length from the luminal surface. The CFTR signal below that depth was considered the cytoplasmic compartment. Parameter acquisition was adjusted with the software so that the pixel intensity of the brightest fluorescence was not saturated. Data were collected from an average of 30 cells in random sections labeled for CFTR (average 10 sections) from each tissue examined (4 animals in each series) and is expressed as the ratio of plasma membrane to cytoplasm fluorescence intensity. When double labeling was performed, anti-CFTR antibody (CFTR H-182) and the secondary antibody, FITC-conjugated affinity purified donkey anti-rabbit IgG, and anti-lactase antibody (␤-Gal C-20) and the secondary antibody, TRITC-conjugated affinity purified donkey anti-goat IgG, were used to detect CFTR and lactase.
Biotinylation of duodenal villus surface proteins and Western blot analysis. Segments of murine duodenum were incubated with forskolin (10 Ϫ5 M), 8-Br-cGMP (2 ϫ 10 Ϫ4 M), or control vehicle for 5 min as described above. When wortmannin (10 Ϫ7 M) was used, it was added at 30 min before the agents above. At the end of incubation period, the medium was removed and duodenal villus enterocytes were isolated as described previously (29) . After isolation, the villus fractions of enterocytes were washed in PBSϩCM (PBS supplemented with 1.3 mM CaCl 2 and 1.0 mM MgCl2) at 4°C and then biotinylated with 1 mg/ml EZ-Link sulfo-NHS-LC-LC-biotin (Pierce Biotechnology, Rockford, IL) in borate buffer (85 mM NaCl, 4 mM KCl, and 15 mM Na 2B4O7, pH 9) for 30 min at 4°C with gentle agitation. Excess biotin was removed with two 10-min washes in PBSϩCM-10% FBS followed by two washes in PBSϩCM at 4°C. After biotinylation, villus cells were lysed in biotinylation lysis buffer (BLB: 0.4% deoxycholate, 1% Nonidet-P 40, 50 mM EGTA, 10 mM Tris-Cl, pH 7.4). Total protein levels were determined, and normalized samples for protein content were bound to immobilized NeutrAvidin agarose (Pierce Biotechnology). The purified biotinylated apical membrane CFTR proteins were separated by 6% SDS-PAGE and transferred to the polyvinylidene difluoride (PVDF) membranes. Blots were blocked in blocking buffer (1% BSA, 10 mM PBS, pH 7.5, and 0.05% Tween 20) for 1 h at 37°C and incubated at 4°C overnight with antibody CFTR H-182. The membranes were washed in Trisbuffered saline containing 0.1% Tween 20 (TBST) and was incubated with second antibody, goat anti-rabbit IgG-HRP. Membranes were developed with enhanced chemiluminescence reagents (Amersham Life Science) and exposed to films in a dark room. Protein bands were analyzed with image analysis software, and the results are expressed as the percentage of controls. To confirm the specificity of surface biotinylation, the biotinylated material was probed for ␤-actin by Western blot analysis with anti-␤-actin monoclonal antibody (Santa Cruz). Values are means Ϯ SE (n ϭ 6 -9 in each series). Both wortmannin and LY294002 had no effects on basal duodenal HCO 3 Ϫ secretion and Isc but significantly reduced forskolin-and 8-Br-cGMPstimulated duodenal HCO 3 Ϫ secretion and Isc (P Ͻ 0.0001).
Immunoprecipitation of PI3K and ELISA for detection of PI3K activity. Segments of murine duodenum were incubated with forskolin (10 Ϫ5 M), 8-Br-cGMP (2 ϫ 10 Ϫ4 M), or control vehicle for different time points as described above. At the end of incubation, the tissue was immediately washed three times with ice-cold buffer A (137 mM NaCl, 20 mM Tris ⅐ HCl, pH 7.4, 1 mM CaCl 2, 1 mM MgCl2, and 1 mM sodium orthovanadate). The mucosa was then scraped and placed into 1 ml of lysis buffer [buffer A plus 1% (vol/vol) Nonidet P-40, 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride] for homogenization at 4°C. After centrifugation at 10,000 g for 10 min at 4°C, 50 l of the supernatant were used for protein assay (Bradford) and other (ϳ5 mg of protein extract) was immunoprecipitated with anti-PI3K p85 antibody for PI3K assay as described previously by Hutchinson and Bengtsson (24) . PI3K activity was measured in vitro using a competitive ELISA format (Echelon Biosciences, Salt Lake City, UT) according to the manufacturer's instructions. Briefly, the bead-bound immunoprecipitated enzyme was incubated with PI(4,5)P2 substrate (100 pmol) in kinase reaction buffer (4 mM MgCl2, 20 mM Tris, pH 7.4, 10 mM NaCl, and 25 M ATP) for 2 h at room temperature with shaking. The supernatant was then incubated with a PI(3,4,5)P3 detector protein for 1 h at room temperature, and the reaction mixes were transferred to PI(3,4,5)P3-coated detection plates for 1 h at room temperature. After a wash in wash buffer [150 mM NaCl, 10 mM Tris, pH 7.5, and 0.05% (vol/vol) Tween 20], secondary detection reagent (supplied with the kit) was added, plates were washed again, developing solution (supplied with the kit) was added, and PI(3,4,5)P3 detector protein binding to the plate was determined by measuring the absorbance at 450 nm. Enzyme activity was estimated by comparing the values from samples containing enzymatic reaction products to the values in the standard curve. The result was expressed as the percentage of basal value.
Western blot analysis for measurement of Akt phosphorylation. Segments of murine duodenum were incubated with forskolin (10 M), or control vehicle was added to the bathing solution for 5 min of incubation, whereas wortmannin or LY294002 was added at 30 min before the agents above. At the end of incubation, the tissue was processed as described in detection of PI3K activity above. Aliquots of the supernatants containing ϳ50 g of protein were applied to each plane on to 10% SDS-PAGE followed by electrotransfering onto PVDF. Blots were blocked for 1 h at room temperature with 5% nonfat milk and incubated at 4°C overnight with anti-phospho-Akt S473 or anti-Akt (diluted 1: 1,000; Cell Signaling) as primary antibody. The membranes were washed in TBST and incubated with second antibody (1:5,000; Pierce). After additional washing, they were developed with enhanced chemiluminescence reagents (Amersham Life Science) and exposed to films in a dark room. Protein bands were analyzed with image analysis software, and the results are expressed as the percentage of controls.
Statistics. All results are means Ϯ SE. Net peaks for duodenal HCO 3 Ϫ secretion and Isc refer to stimulated peak responses minus basal levels. Data were analyzed using one-way analysis of variance followed by the Newman-Keul post hoc test or, when appropriate, by the two-tailed Student's t-tests. P Ͻ 0.05 was considered statistically significant. 
RESULTS
Activation of CFTR by cAMP and cGMP signaling molecules. CFTR is an apical membrane Cl
Ϫ channel critical for the regulation of fluid, Cl Ϫ , and HCO 3 Ϫ transport in the intestinal epithelium. The previous study showed that cAMP-and cGMP-stimulated duodenal mucosal HCO 3 Ϫ and Cl Ϫ secretion are CFTR dependent (39) . Thus forskolin and 8-Br-cGMP were used as the activators of intracellular cAMP and cGMP, respectively, and applied to CFTR ϩ/ϩ and CFTR Ϫ/Ϫ mice. As shown in Fig. 1, forskolin (26), markedly inhibited forskolin-and 8-Br-cGMP-stimulated duodenal mucosal HCO 3 Ϫ secretion and I sc in CFTR ϩ/ϩ mice (P Ͻ 0.0001) (Fig. 2) . CFTR inh -172 reduced the net peak of forskolin-and 8-Br-cGMP-stimulated duodenal HCO 3 Ϫ secretion by 79 and 76% and duodenal I sc by 82 and 80%, respectively (P Ͻ 0.0001). Our data further confirmed that cAMP and cGMP stimulate duodenal epithelial HCO 3 Ϫ and Cl Ϫ secretion through activation of CFTR channel.
Involvement of PI3K in cAMP-and cGMP-mediated duodenal HCO 3
Ϫ and Cl Ϫ secretion through activation of CFTR channel. As shown in Fig. 3 , both PI3K inhibitors, wortmannin (10 Ϫ7 M) and LY294002 (2 ϫ 10 Ϫ5 M), which have been shown to target PI3K activity at these concentrations (35, 47) , had no effect on basal duodenal HCO 3 Ϫ secretion and I sc but significantly reduced forskolin-and 8-Br-cGMP-stimulated duodenal HCO 3 Ϫ secretion and I sc in CFTR ϩ/ϩ mice (P Ͻ 0.0001). Wortmannin reduced the net peak of forskolin-and 8-Br-cGMP-stimulated duodenal HCO 3 Ϫ secretion by 55 and 44% and duodenal I sc by 49 and 40%, respectively (P Ͻ 0.0001), and LY294002 reduced the net peak of forskolin-and 8-Br-cGMP-stimulated duodenal HCO 3 Ϫ secretion by 46 and 42% and duodenal I sc by 42 and 43%, respectively (P Ͻ 0.0001), in CFTR ϩ/ϩ mice. Because it also has been found that both wortmannin and LY294002 can inhibit target of rapamycin complex 1(TORC1) (4), and TORC1 affects a wide spectrum of cellular functions (9), we examined the effects of rapamycin, a selective inhibitor of TORC1, on forskolin-and 8-Br-cGMP-stimulated duodenal HCO 3 Ϫ secretion and I sc . As shown in Fig. 4 , rapamycin had no effect on forskolin-or 8-Br-cGMP-stimulated duodenal HCO 3 Ϫ secretion and I sc . These results indicate that PI3K rather than TORC1 is involved in cAMP-and cGMP-mediated duodenal HCO 3 Ϫ and Cl (10 Ϫ5 M) and 8-Br-cGMP (2 ϫ 10 Ϫ4 M), respectively (P Ͻ 0.0001). Wortmannin (10 Ϫ7 M) inhibited forskolin-and 8-BrcGMP-induced CFTR phosphorylation by 64 and 54%, respectively (P Ͻ 0.01). LY294002 (2 ϫ 10 Ϫ5 M) also inhibited forskolin-and 8-Br-cGMP-induced CFTR phosphorylation by 50 (P Ͻ 0.01) and 41% (P Ͻ 0.05), respectively. Therefore, these data not only confirm cAMP-and cGMP-stimulated CFTR phosphorylation but also indicate the important role of PI3K in the activation of duodenal epithelial CFTR channel.
cAMP-and cGMP-stimulated translocation of CFTR to the surface of duodenal epithelial villus and inhibition by PI3K inhibitors. We further examined the regulation of forskolin and 8-Br-cGMP in trafficking of CFTR to the surface of duodenal villus cells and the effect of PI3K inhibition. Figure 6 shows the distribution of CFTR proteins in duodenal epithelial villus cells in CFTR ϩ/ϩ mice. CFTR proteins were mainly located in the cytoplasmic compartments of duodenal villus cells in the vehicle-treated controls (Fig. 6, a1 and b1) . However, CFTR proteins were prominent along the plasma membranes of villus cells (Fig. 6, a4 and b4) at 5 min after the administration of forskolin (10 Ϫ5 M) and 8-Br-cGMP (2 ϫ 10 Ϫ4 M), suggesting that cAMP and cGMP markedly stimulate the trafficking of CFTR proteins to the plasma membranes of villus cells. Both wortmannin (10 Ϫ7 M) and LY294002 (2 ϫ 10 Ϫ5 M) inhibited forskolin-and 8-Br-cGMP-induced CFTR redistribution from the cytoplasmic compartments to the plasma membranes (Fig.  6, a2, a3, b2, and b3) . Wortmannin (10 Ϫ7 M; Fig. 6c ) or LY294002 (2 ϫ 10 Ϫ5 M; Fig. 6d ) by itself had no effect on the distribution of CFTR in duodenal villus cells. Quantification of the ratio of plasma membrane to cytoplasm CFTR fluorescence intensity revealed that the ratio was increased by 5.8-and 5.1-fold in the tissues pretreated with forskolin (10 Ϫ5 M) and 8-Br-cGMP (2 ϫ 10 Ϫ4 M), respectively (P Ͻ 0.0001), compared with the control in the pretreatment with vehicles. Wortmannin (10 Ϫ7 M) reduced forskolin-and 8-Br-cGMPinduced ratio increases by 44 and 38%, respectively (P Ͻ 0.01), and LY294002 (2 ϫ 10 Ϫ5 M) also reduced forskolinand 8-Br-cGMP-induced ratio increases by 34% (P Ͻ 0.01) and 31% (P Ͻ 0.05), respectively (Fig. 6, A and B) . We further examined translocation of CFTR by double labeling with lactase. Intestinal lactase is an apical membrane protein that is expressed exclusively on the brush border of the small intestine epithelia cells in mammals (28, 38) . As shown in Fig. 7 , in unstimulated control-treated duodenum, CFTR proteins were mainly located in the cytoplasmic compartments of duodenal villus cells and lactase proteins were located in the plasma membranes of villus cells (Fig. 7A) . Forskolin (10 Ϫ5 M) and 8-Br-cGMP (2 ϫ 10 Ϫ4 M) stimulated trafficking of CFTR proteins to plasma membranes of villus cells (Fig. 7, B and D) , which was inhibited by the PI3K inhibitor wortmannin (10 Ϫ7 M; Fig. 7, C and E) . These results strongly suggest that the inhibition of PI3K attenuates cAMP-and cGMP-mediated trafficking of CFTR to the surface of villus cells in the duodenum.
To further confirm the trafficking of CFTR to the surface of villus cells in the duodenum and the role of PI3K, we detected plasma membrane CFTR proteins in duodenal villus cells by using freshly isolated duodenal villus cells and surface biotinylation technique. As shown in Fig. 8 , total levels of CFTR in duodenal villus cell samples were not changed after stimulation of forskolin (10 Ϫ5 M) and 8-Br-cGMP (2 ϫ 10 Ϫ4 M). However, both forskolin (10 Ϫ5 M) and 8-Br-cGMP (2 ϫ 10 Ϫ4 M) markedly increased surface levels of CFTR. As a control, no intracellular biotin labeling was observed when biotinylated samples were probed for ␤-actin. Compared with the controls, forskolin and 8-Br-cGMP induced surface CFTR increases by 5.7-and 5.4-fold, respectively (P Ͻ 0.0001). PI3K inhibitor wortmannin (10 Ϫ7 M) reduced forskolin-and 8-Br-cGMPinduced surface CFTR levels by 50 and 48%, respectively (P Ͻ 0.01). The results further support that cAMP and cGMP stimulate trafficking of CFTR to the surface of duodenal villus cells and that PI3K is involved in cAMP-and cGMP-induced CFTR trafficking.
cAMP-and cGMP-stimulated PI3K/Akt activity in duodenal epithelial cells and inhibition by PI3K inhibitors. The studies described above indicated that PI3K is involved in cAMP-and cGMP-stimulated CFTR activation in duodenal epithelial cells. To confirm the role of PI3K in the regulation of CFTR function, we directly measured duodenal epithelial PI3K activity and examined the effects of forskolin and 8-Br-cGMP on duodenal mucosal PI3K activity in CFTR ϩ/ϩ mice. The results showed that forskolin (10 Ϫ5 M) and 8-Br-cGMP (2 ϫ 10 Ϫ4 M) rapidly stimulated duodenal mucosal epithelial PI3K activity, which reached the peak within 5 min after stimulation (Fig. 9) . Compared with basal levels, forskolin and 8-Br-cGMP induced the maximal PI3K activity by 4.7-and 5.1-fold, respectively (P Ͻ 0.0001). Subsequently, we further examined whether forskolin and 8-Br-cGMP induce the phosphorylation of Akt, a downstream effector of PI3K. The experimental protocol for incubation of the tissue was similar to that for measuring PI3K activity. Likewise, both forskolin (10 Ϫ5 M) and 8-Br-cGMP (2 ϫ 10 Ϫ4 M) caused a rapid phosphorylation of Akt, which had time courses comparable to those for activation of PI3K (Fig. 10) . Again, both wortmannin (10 Ϫ7 M) and LY294002 (2 ϫ 10 Ϫ5 M) significantly inhibited forskolin-and 8-Br-cGMP-stimulated phosphorylation of Akt (P Ͻ 0.05 and P Ͻ 0.01) (Fig. 11 ). Thus these results provide direct evidence indicating that cAMP and cGMP signal molecules activate PI3K and its downstream effector, Akt, in the murine duodenal epithelium.
DISCUSSION
The results in the present study showed that cAMP and cGMP stimulate duodenal mucosal Cl Ϫ and HCO 3 Ϫ secretion through activation of CFTR channel, in which PI3K plays an important role. Furthermore, PI3K is also involved in cAMPand cGMP-induced duodenal epithelial CFTR phosphorylation and trafficking to plasma membrane of duodenal epithelial cells. These results demonstrate that PI3K is involved in the activation of intestinal epithelial CFTR channel. To our knowledge, this is the first evidence for the modulatory role of PI3K in the activation of intestinal epithelial CFTR channel.
PI3K is a cellular lipid kinase involved in many important biological functions and processes. In the present study, both wortmannin and LY294002 markedly reduced cAMP-and cGMP-mediated duodenal HCO 3 Ϫ and Cl Ϫ secretion. Wortmannin and LY294002 are two structurally unrelated, widely used, and potent inhibitors of mammalian PI3K with different mechanisms of action (35, 47) . Wortmannin covalently binds to PI3K and then irreversibly inhibits the enzyme. In contrast, LY294002 binds to the enzyme in a reversible manner, resulting in a competitive inhibition with ATP. In our study, these two structurally and mechanistically different PI3K inhibitors exerted a comparable inhibition on cAMP-and cGMP-mediated duodenal HCO 3 Ϫ and Cl Ϫ secretion in CFTR wild-type mice. The selective inhibitor of TORC1, rapamycin, had no effect on cAMP-and cGMP-mediated duodenal HCO 3 Ϫ and Cl Ϫ secretion, although it also was found that both wortmannin and LY294002 could inhibit TORC1 (4). These results strongly suggest that PI3K plays an important role in the regulation of cAMP-and cGMP-induced duodenal epithelial CFTR functional activity.
Epithelial Cl Ϫ and HCO 3 Ϫ secretion is modulated by CFTR through several signaling mechanisms, including phosphorylation and dephosphorylation. CFTR channel has two membrane domains, two nucleotide-binding domains (NBDs), and regulatory domain with numerous potential phosphorylation sites (40) . Activation of CFTR channel usually requires phosphor- ylation of its regulatory domain at multiple sites by protein kinases, and CFTR phosphorylation modulates the activity of CFTR channel by controlling ATP hydrolysis and channel gating (14, 34, 36, 40) . After demonstrating the important roles of CFTR and PI3K in cAMP-and cGMP-mediated duodenal HCO 3 Ϫ and Cl Ϫ secretion, we further examined whether these cellular signaling molecules induce CFTR phosphorylation and whether PI3K is involved in CFTR phosphorylation. Indeed, our data showed that cAMP and cGMP induce CFTR phosphorylation of duodenal epithelial cells and the inhibition of PI3K reduces CFTR phosphorylation. Therefore, our results have provided further support to the involvement of PI3K in the activation of CFTR channel.
CFTR-mediated epithelial Cl
Ϫ and HCO 3 Ϫ secretion is regulated not only by the modulation of CFTR channel activity but also by the intracellular trafficking of CFTR, which regulates the CFTR protein levels inside the cell and on the plasma membrane (8, 21) . Compelling evidence shows that cAMPinduced epithelial cellular Cl Ϫ and HCO 3 Ϫ secretion is regulated partly through CFTR phosphorylation, which in turn stimulates both channel gating and trafficking to apical plasma membrane of polarized cells, leading to the increase of Cl Ϫ and HCO 3 Ϫ secretion (8, 21) . In some cell types, cAMP stimulates CFTR exocytosis and insertion into the apical plasma membrane, and there is good correlation between CFTR current stimulation and recruitment of CFTR to the cell surface (23, 41, 48) . In native intestine tissues, it has been shown that vasoactive intestinal peptide, cAMP, and heat-stable enterotoxin stimulate trafficking and insertion of CFTR from subapical vesicles to the plasma membranes of villus enterocytes, and the trafficking of CFTR to the plasma membranes of native enterocytes is associated with intestinal fluid transport (2, 3, 18) . These studies demonstrated that the trafficking of CFTR to cell surface regulates CFTR functional activity. Some previous studies have shown the requirement of PI3K for glucagoninduced trafficking of aquaporin-8 (19) and angiotensin IIinduced trafficking of Na ϩ /H ϩ exchanger (17) to plasma membrane, indicating that PI3K is involved in the regulation of exocytotic insertion of membrane proteins into plasma membrane. Therefore, we further examined whether intracellular trafficking of CFTR is stimulated by forskolin and 8-Br-cGMP and whether the inhibition of PI3K affects CFTR trafficking. Our results showed that forskolin and 8-Br-cGMP stimulate a rapid CFTR trafficking to the plasma membranes of villus cells in duodenal epithelia, which was significantly inhibited by PI3K inhibitors. Together, our results obtained from functional, biochemical, and morphological studies have demonstrated the importance of PI3K in the regulation of cAMP-and cGMP-mediated duodenal epithelial CFTR channel activity and CFTR trafficking. However, whereas CFTR inhibitor almost abolished cAMP-and cGMP-stimulated HCO 3 Ϫ and Cl Ϫ secretion, PI3K inhibitors produced a partial inhibition only. These data suggest that PI3K pathway may regulate duodenal epithelial CFTR channel mainly by inducing CFTR trafficking to the plasma membrane, and therefore inhibition of PI3K only blocks the fraction of CFTR proteins that is trafficking to the plasma membrane without alteration on the fraction that is already located on the plasma membrane. To provide direct evidence for the role of PI3K in the regulation of duodenal epithelial CFTR function, we further examined PI3K activity and phosphorylation of Akt, a downstream effector of PI3K, in murine duodenal epithelium. Our results strongly indicate that cAMP and cGMP signal molecules activate PI3K and its downstream effector, Akt, in murine duodenal epithelium. The mechanism of cAMP-and cGMP-mediated PI3K/Akt activation in duodenal epithelia cells is not clear. The previous studies showed that there is cross talk between cAMP and PI3K (25, 27) . It has been proposed that cAMP might activate PI3K through activation of Ras (25) or Epac-mediated signaling pathway (30) . It also is possible that PKA directly phosphorylates PI3K and consequently upregulates its lipid kinase activity.
A previous study showed that PI3K is not involved in forskolin-stimulated Cl Ϫ secretion in human colonic T84 cells (16). However, afterward, Barrett's group (7) showed that transactivation of the EGF receptors in T84 cells is required for the full expression of cAMP-dependent Cl Ϫ secretory response, through a mechanism that likely involves PI3K, and in a human lung epithelial-derived cell line, A549, PI3K is involved in CFTR activation induced by ␤ 3 -adrenergic receptor agonist, CGP-12177 (37) . The present study demonstrated that PI3K is involved in the regulation of intestinal epithelial CFTR function. These different conclusions are probably due to the different properties of cells and tissues used in the different studies. Although cultured cell models have been proved useful in identifying CFTR signal transduction pathways, the applicability of these pathways to physiological events is not assured because of inherent difference in the properties of cultured cells and native tissues (12, 46) . The capacity of PI3K to regulate CFTR function possibly requires specific signaling and regulatory complexes. The native intestinal epithelial cells might have the requisite proteins to facilitate the action of PI3K, whereas intestinal cell lines might not express these proteins essential for the action of PI3K.
The precise mechanisms whereby PI3K/Akt pathway regulates duodenal epithelial ion secretion through epithelial CFTR channel remain poorly understood at the moment. Our data strongly suggest that both cAMP and cGMP signaling molecules could stimulate PI3K/Akt pathway and then increase CFTR phosphorylation, which in turn increases CFTR trafficking to the plasma membrane, leading to the increase of duodenal Cl Ϫ and HCO 3 Ϫ secretion. In the CFTR-expressed tissues, CFTR assembles into large, dynamic macromolecular complexes that contain signaling molecules, kinases, transport proteins, PDZ domain-containing protein, myosin motors, Ras GTPases, and soluble N-ethylmalemide-sensitive factor attachment protein receptors (SNARES). It has been demonstrated that SNAREs have an important role in the regulation of CFTR activity and trafficking (13, 32) , and inhibition of PI3K effectively reduces phosphorylation of selected target membrane SNAREs (t-SNAREs) and Munc 18 proteins in formyl peptide receptor-expressing rat basophilic leukemia (RBL-FPR) cells (31) . Therefore, it is possible that PI3K, through its ability to interact with SNARE proteins, regulates CFTR channel activity and trafficking by the SNARE machinery. In addition, PI3K and its products, including Akt, are components of complex networks of interacting proteins and second messengers (15) . It also is possible that PI3K affects signaling pathway upstream of CFTR channel gating and trafficking via Akt or other effector proteins. Thus PI3K likely regulates CFTR channel activity and trafficking by several mechanisms. However, the precise mechanisms whereby PI3K regulates CFTR functional activity require further study.
In conclusion, we have underscored the essential role of CFTR channels in the process of cAMP-and cGMP-mediated duodenal mucosal Cl Ϫ and HCO 3 Ϫ secretion, demonstrated that PI3K/Akt pathway plays an important role in the regulation of cAMP-and cGMP-induced duodenal epithelial CFTR channel activity and intracellular trafficking and revealed novel signaling proteins of intestinal epithelial cellular CFTR regulation. A full understanding of CFTR-mediated intestinal epithelial Cl Ϫ and HCO 3 Ϫ secretion and the precise modulatory mechanisms of this process via cellular proteins, such as PI3K, will greatly enhance our knowledge about the cellular and molecular mechanisms of intestinal epithelial ion transport. 
